In Hawaii, common green ti plants (Cordyline fruticosa L.) have been shown to harbor Cordyline virus 1 (CoV-1) which, along with Little cherry virus 1 (LChV-1), and Grapevine leafroll-associated virus 7 (GLRaV-7), form a distinct clade within the family Closteroviridae. Preliminary work has indicated that, aside from CoV-1, three additional closteroviruses may infect common green ti plants in Hawaii. In this study, pyrosequencing was used to characterize the genomes of closteroviruses infecting a single common green ti plant. The sequence data confirmed the presence of CoV-1 as well as three additional closteroviruses. Although all four viruses had the same general genome organization, the sequence divergence between the RNA-dependent RNA polymerase, heat shock protein 70 homolog, and coat protein ranged from 22 to 61%, indicating these represent four distinct closterovirus species. The names CoV-2, CoV-3, and CoV-4 are proposed for the three new viruses. Phylogenetic analyses placed CoV-2, CoV-3, and CoV-4 in the same clade as CoV-1, LChV-1, and GLRaV-7.
INTRODUCTION
The family Closteroviridae represents a related group of mono-and multipartite, single-stranded, positive-sense RNA plant viruses with long, flexuous virions (Dolja et al., 1994) . There are currently three genera in the family which are segregated largely based on vector species. Members of the genera Closterovirus, Crinivirus, and Ampelovirus are, in general, transmitted by aphids, whiteflies, and mealybugs, respectively (Karasev, 2000) . Members of the genera Closterovirus and Ampelovirus have monopartite genomes, while members of the genus Crinivirus have multipartite genomes. Little cherry virus 1 (LChV-1) and Grapevine leafroll-associated virus 7 (GLRaV-7) are two members of the family that have not been assigned to a genus (Martelli et al., 2002) . Molecular phylogenies and sequence similarity values associate them most closely to members of the genus Crinivirus, however, their monopartite genomes and their lack of a known insect vector have precluded their inclusion into this genus.
The ti plant, Cordyline fruticosa (L.), belongs to the plant family Agavaceae and has considerable cultural and economic importance in Hawaii and throughout most of Polynesia. In Hawaii, the common green variety was introduced by early Polynesian settlers and is a popular ornamental in residential settings that has also become naturalized in Hawaii's forests. Vegetatively propagated due to sterility (Hinkle, 2007) , it is also the most prominent variety grown commercially. In 2009, ti farmers on the island of Oahu reported ringspot symptoms on their common green ti plants. These ringspot symptoms were subsequently observed on commercial and residential ti plants on the islands of Maui and Hawaii. In a search for a causal agent of the ringspot symptoms, it was recently discovered that Hawaiian ti plants harbored multiple putative members of the plant virus family Closteroviridae (Melzer et al., 2011) . The complete nucleotide sequence for one of these viruses, Cordyline virus 1 (CoV-1), was determined. Its 16.9 kb genome was organized similar to LChV-1 and GLRaV-7 (Melzer et al., 2011) . Together, LChV-1, GLRaV-7, and CoV-1 form a monophyletic clade distinct from the other three genera in the family Closteroviridae. This has led to proposals for the creation of a fourth genus, "Velarivirus," to represent these viruses Martelli et al., 2012) .
A reverse-transcription polymerase chain reaction (PCR) assay revealed that CoV-1 is widespread in Hawaii and is present in ti plants with and without ringspot symptoms, making it unlikely to be involved in the etiology of the disease (Melzer et al., 2011) . Based on partial sequence data, three additional closteroviruses were identified in ti plants. The objectives of this study are to further characterize these additional closteroviruses in common green ti plants and determine whether they represent distinct species (or strains of CoV-1) as well as their placement within the family Closteroviridae.
MATERIALS AND METHODS

LIBRARY SEQUENCING AND ASSEMBLY
A previously described randomly primed complementary DNA (cDNA) library generated from double-stranded (ds) RNA isolated from a common green ti plant was used as the input material for multiplex pyrosequencing (Melzer et al., 2011) . The most common cDNA length was estimated to be approximated 550 bp based on agarose gel electrophoresis. MID7 (5 -ACGTACACACT-3 ) was ligated to the cDNAs which then underwent pyrosequencing using a 454 GS FLX Titanium platform (Roche, Branford, CT, USA) at the University of Hawaii's Advanced Studies in Genomics, Proteomics and Bioinformatics (ASGPB) laboratory. Following www.frontiersin.org pyrosequencing, the MID7 and random primer sequences as well as low quality basecalls at the end of reads were trimmed. Short length (<65 nt) and low quality reads as well as those that mapped to the CoV-1 genome were purged from the dataset. The remaining reads underwent de novo assembly using Geneious® Pro 5.6.5 (Biomatters Ltd., Auckland, New Zealand). To validate low coverage regions or where unexpected stop codons or frameshifts occurred, and to bridge sequence gaps between contiguous sequences (contigs), primers were designed flanking the region in question and PCR was performed using the cDNA library as template. PCR products were either directly sequenced following treatment with ExoSAP-IT® (USB/Affymetrix, Santa Clara, CA, USA) or ligated into pGEM®-T Easy (Promega, Madison, WI, USA) followed by Sanger-based sequencing at the ASGPB.
The 3 -terminal sequences were obtained by polyadenylating heat-denatured dsRNA using yeast poly(A) polymerase (USB/Affymetrix) following the manufacturer's instructions. An oligo d(T) primer [5 -CACTCCCTATTATCCAGG(T) 16 -3 ] was used to initiate cDNA synthesis and also used in the subsequent PCR reaction along with a virus-specific primer designed to anneal near the 3 -end of the available virus sequence. Amplification products were cloned using pGEM®-T Easy and at least five clones underwent Sanger-based sequencing at the ASGPB.
PHYLOGENETIC ANALYSES
The combined helicase domain (HEL), RNA-dependent RNA polymerase (RdRp), heat shock protein 70 homolog (HSP70h), p61 (PF03225), and coat protein (CP) amino acid sequences of members and tentative members of the family Closteroviridae were aligned using ClustalX 2.0.12 (Larkin et al., 2007) . With this alignment, the phylogenetic relationships of the sequences were inferred using neighbor-joining (NJ) and maximum likelihood (ML) algorithms. The NJ algorithm was performed using ClustalX 2.0.12 and bootstrapped with 1000 replications. The ML algorithm was performed with PhyML 3.0 (Guindon et al., 2010 ) using the WAG model and bootstrapped with 1000 replications.
RESULTS
LIBRARY SEQUENCING AND ASSEMBLY
A total of 107,655 high quality reads >64 nt were generated from the cDNA library, with maximum, minimum, and mean lengths of 772, 65, and 392.1 nt, respectively. Of these reads, 4,424 mapped to the CoV-1 genome. The majority of the remaining reads assembled into three contigs, each in excess of 10 kb in length ( Table 1) . Based on comparisons with accessions in GenBank, all three contigs represented closterovirus-based genomes. The first contig was found to be essentially identical to the previously identified Contig5 (Melzer et al., 2011) where the two sequences overlapped, and was thus designated Contig5. Similarly, the second and third contigs were found to be essentially identical in overlapping regions with Contig8 and CloneH11, respectively, and were designated as such. The 15,031 nt Contig5 was extended to 15,107 nt following the addition of the 3 -terminal sequence. The 14,941 nt Contig8 was extended to 16,274 nt following the addition of the 3 -terminal sequence and a contig in the 5 -region of the genome. The 10,684 nt CloneH11 was extended to 14,620 nt with the addition of the 3 -terminal sequence and a contig in the 5 -region of the genome. The 5 -terminal sequences were not obtained for any of the contigs.
GENOME ORGANIZATION
The overall genome organization of Contig5, Contig8, and CloneH11 were similar to that of CoV-1 (Figure 1) , GLRaV-7, and LChV-1 (Jelkmann et al., 1997 (Jelkmann et al., , 2012 Melzer et al., 2011) . Although incomplete at their 5 -terminal regions, open reading frame (ORF)1a of Contig5, Contig8, and CloneH11 encoded a polyprotein containing protease (PRO; PF05533), methyltransferase (MTR; PF01160), and HEL (PF01443) domains. ORF1a of Contig5 and Contig8 terminated with the sequence 5 -UUUGA-3 with the stop codon underlined. This is also the terminal sequence of CoV-1 and GLRaV-7 (Melzer et al., 2011; Jelkmann et al., 2012) and may initiate a +1 ribosomal frameshift allowing expression of ORF1b. ORF1a of CloneH11 terminated with the sequence 5 -UUUAA-3 that may also allow expression of ORF1b via the same frameshift mechanism. For all contigs, however, a start codon was present near the ORF1a termination sequence in the same reading frame of ORF1b that may also allow its expression. This was also observed for CoV-1 and LChV-1 (Jelkmann et al., 1997; Melzer et al., 2011) . ORF1b of all three contigs encoded all the typical motifs of an RdRp (Koonin, 1991) . Small transmembrane proteins 4 and 7 kDa in weight were present between ORF1b and the HSP70h ORF for Contig5 and Contig8, respectively. No such protein was present at this location in CloneH11, however, a 4 kDa protein with transmembrane properties was present in the +1 reading frame within C-terminal region of the HSP70h ORF (which is in the +3 reading frame). For all contigs, downstream of the HSP70h ORF was a 9-10 kDa ORF that is also present in CoV-1 and GLRaV-7, followed by ORFs encoding a 60-61 kDa protein common to all closteroviruses (PF03225), the major CP (PF01785), and then the minor CP (CPm). An ORF encoding a 25-26 kDa homolog of CoV-1 p26 was present in Contig5, Contig8, and CloneH11. The final ORFs encoded by Contig5, Contig8, and CloneH11 were 28-29 kDa proteins. While p29 of Contig5 and p28 of Contig8 shared sequence homology with p29 of CoV-1, p29 of CloneH11 did not appear to be a homolog of these putative proteins, and did not have significant sequence similarity with any viral sequences currently in GenBank. The 3 -untranslated regions (UTRs) of Contig5, Contig8, and CloneH11 were 259, 154, and 186 nt, respectively. The exact 3 -termini of Contig5 and
Frontiers in Microbiology | Virology CloneH11 were identical to that of CoV-1, having the sequence 5 . . .AAAGGUGCG-3 . Contig8 also ended with this sequence, but appeared to lack the terminal guanine residue.
DIVERSITY AND PHYLOGENETIC PLACEMENT
The amino acid identity between Contig5, Contig8, CloneH11, and CoV-1 for their respective RdRp, HSP70h, and CP sequences was under 70% in all cases except for the RdRp sequences of Contig5 and CoV-1 which were 78% identical ( Table 2 ). Using the current criteria for closterovirus species demarcation recently revised by the International Committee on Taxonomy of Viruses (Martelli et al., 2011) , these contigs would represent distinct closterovirus species. As such, Contig5, Contig8, and CloneH11 were tentatively designated CoV-2, CoV-3, and CoV-4, respectively. Cordyline virus 1 and CoV-2 appear to be the most closely related of the CoVs characterized in this study with an overall nucleotide identity of 63.7%. Toward the 3 -termini of their genomes, however, the similarity gradually increased. This similarity peaked in the 3 UTR of CoV-1 and CoV-2 which shared a 90.8% nucleotide identity.
Over 8% of the total sequence reads did not map to the genomes of CoV-1, CoV-2, CoV-3, or CoV-4 ( Table 1 ). The majority of these appeared to be either of plant or prokaryotic origin, or did not share significant similarity to any of the sequence accessions in the current databases. Approximately 31% of these reads, however, represented closterovirus sequences. One thousand and ninetyfive of these reads were selected for further investigation. One hundred and seventy-four of these reads, when translated to amino acid sequences, were similar to the N-terminal region of a closterovirus ORF1a. Reverse-transcription PCR revealed this region was part of CoV-4. The remaining reads, when translated to amino acid sequence, had high similarity (between 80 and 92% identity) to proteins encoded by CoV-1.
Phylogenetic analyses of the combined HEL domain, RdRp, HSP70h, p60/61, and CP amino acid sequences using distance-based (NJ) and character-based (ML) algorithms inferred almost identical relationships between CoV-2, CoV-3, and CoV-4 and members of the family Closteroviridae. Both analyses clearly placed these four viruses along with CoV-1, GLRaV-7, and LChV-1 in a distinct clade within the family (Figure 2 ; data not shown).
DISCUSSION
We have previously reported the presence of one closterovirus, CoV-1, infecting common green ti plants in Hawaii, and provided preliminary evidence for the presence of additional closterovirus species using a Sanger-based sequencing approach (Melzer et al., 2011) . In this study we used a massively parallel sequencing approach to identify, in addition to CoV-1, three new closterovirus species which we have tentatively designated CoV-2, CoV-3, and CoV-4. Cordyline virus 2 and CoV-3 share the same general genome organization as CoV-1, and differ from each other only in the molecular weight of their small hydrophobic proteins and the small protein encoded by the ORF located between their HSP70h and p61 ORFs. CoV-4, however, is unusual by lacking an ORF encoding a small transmembrane protein between the ORFs of the RdRp and HSP70h. The small transmembrane protein of Beet yellows virus (BYV) associates with the host endoplasmic reticulum and is involved in the cell-to-cell movement of BYV and presumably other closteroviruses as well (Peremyslov et al., 2004 ). An ORF which could encode a small protein possessing a transmembrane domain does exist in CoV-4, although it is located within the HSP70h ORF in a +1 reading frame relative to the HSP70h ORF. If this ORF is not expressed, it is possible that CoV-4 requires co-infection with another closterovirus for cell-to-cell movement. Since all four CoVs were present in a single host plant, multiple infections in a single host plant may not be uncommon.
Overall, the genomes of CoV-1 and CoV-2 had a moderate sequence similarity. Near the 3 -terminus, however, this similarity gradually increased to the point where the 3 UTRs of these viruses were nearly identical, indicative of a potential recombination event. Putative examples of closterovirus recombination are abundant (Cuellar et al., 2008; Melzer et al., 2010; Farooq et al., 2013) . The gradual increase in sequence similarity is comparable to that proposed for Citrus tristeza virus (CTV) strain T36, and suggests the potential recombination event was not recent (Mawassi et al., 1996) . The presence of multiple CoVs in a single host plant would provide an environment conducive for such recombination events.
The family Closteroviridae Subcommittee to the International Committee on Taxonomy of Viruses (ICTV) has recently amended a commonly used criterion for species demarcation of closteroviruses. To be considered a distinct species, the level of sequence divergence in a phylogenetically informative protein (RdRp, HSP70h, or CP) was raised from 10 to 25% (Martelli et al., 2011) . This increase in stringency was undertaken to address the proliferation of closteroviruses that had a similar genome organization, host range, and biological properties but, in some cases, only marginally exceeded the previous 10% sequence divergence criterion, thereby elevating them to species status (Martelli et al., 2012) . Following the implementation of this more stringent criterion, a group of seven GLRaVs species and their "variants" (GLRaV-4, GLRaV-5, GLRaV-6, GLRaV-6 DE, GLRaV-9, GLRaV-Car, and GLRaV-Pr) were condensed into a single species, GLRaV-4 (Martelli et al., 2012) . Based on the amino acid identities of the RdRp, HSP70h, and CP sequences it is clear that CoV-1, CoV-3, and CoV-4 are distinct species under the new criterion. The two most closely related CoVs, CoV-1 and CoV-2, have amino acid divergence values for the RdRp, HSP70h, and CP of 22, 31, and 33%, respectively. Although the sequence divergence between the CoV-1 and CoV-2 RdRp does not exceed the 25% threshold, the average sequence divergence for these three phylogenetically informative proteins is 29%, and we therefore contend that CoV-1 and CoV-2 should represent two distinct species. Additional closterovirus-like sequences were also identified in the library. The majority of these, when translated into amino acid sequences, were only 10-20% divergent from CoV-1 and are likely to have come from a second strain of CoV-1 that also infects common green ti.
The discovery of four related closterovirus species co-infecting the same host which share a similar genome organization and perhaps similar biological properties presents a situation reminiscent to the GLRaV-4 group. Since these four CoVs were discovered through the intense study of a single ti plant, it is also plausible that additional CoV species exist. Some members of the GLRaV-4 group, however, were found to be serologically related (Ghanem-Sabanadzovic et al., 2012) . There are currently no antisera raised against any of the CoVs that would allow experiments to be conducted to determine their serological relationships. Given the amount of sequence divergence between the currently known CoVs, particularly in their respective structural proteins, it seems unlikely that they will be serologically related.
Within the family Closteroviridae, LChV-1, GLRaV-7, and CoV-1 form a distinct monophyletic clade for which the genus "Velarivirus" has been proposed (Al Martelli et al., 2012) . Phylogenetic analyses placed CoV-2, CoV-3, and CoV-4 within this clade. We therefore propose that CoV-2, CoV-3, and CoV-4 also be members of the proposed genus "Velarivirus," should it be ratified by the ICTV.
